Objective: Oxidation is involved in secondary brain injury after traumatic brain injury (TBI). Increased concentrations of total antioxidant capacity (TAC) in blood at the time of admission for TBI have been found in non-surviving patients. The main objective of this study was to determine the role of serum TAC levels at any time during the first week of TBI for the prediction of early mortality. Methods: Isolated (<10 points in non-cranial aspects of Injury Severity Score) and severe (<9 points in Glasgow Coma Scale) TBI patients were included. Serum TAC concentrations at days 1, 4, and 8 of TBI were determined. The end-point study was 30-day mortality. Results: Higher serum TAC levels at days 1 (p < 0.001), 4 (p < 0.001), and 8 (p = 0.002) of TBI were found in non-surviving (n = 34) than in surviving patients (n = 90). The area under curve (95% Confidence Interval) for prediction of 30-day mortality by serum TAC concentrations at days 1, 4, and 8 of TBI were 0.79 (0.71-0.86; p < 0.001), 0.87 (0.79-0.93; p < 0.001), and 0.76 (0.67-0.84; p = 0.006) respectively. Conclusions: The novelty of our study was the ability to predict 30-day mortality by serum TAC concentrations at any time during the first week of TBI.
Introduction
Many disabilities and deaths occur due to traumatic brain injury (TBI) [1] . Oxidation is implicated in secondary brain injury after TBI [2] [3] [4] [5] . Reactive oxygen species (ROS) produce secondary brain injury Brain Sci. 2020, 10, 110; doi:10.3390/brainsci10020110 www.mdpi.com/journal/brainsci and are balanced by the action of antioxidant brain defenses [2] [3] [4] [5] . Measurement of total antioxidant capacity (TAC) has been used to approximate antioxidant status better that measuring concentrations of each antioxidant compound [6] . There is little data on blood TAC levels in patients with TBI [7] [8] [9] . Previously, in one study with 44 TBI patients, higher serum TAC levels were found at 24 h and 48 h after TBI in patients with poor functional outcome at 6 months; however, the authors found no differences in serum TAC levels on admission between patients with poor and good functional outcome and no data on oxidative status were reported [7] . In another study with 54 TBI patients, higher serum levels of TAC and total oxidant status were found on admission in non-surviving patients; however, the authors did not report these serum levels during follow-up [8] . In an earlier study conducted by our team with 100 TBI patients, higher serum levels of TAC and malondialdehyde were found on admission in non-surviving patients; however, these blood levels were not reported during follow-up [9] . Malondialdehyde is an end-product of lipid peroxidation that appears in the blood and has been used to estimate lipid oxidation [10, 11] . Therefore, the objectives of the study were to analyze serum TAC levels during the first week of TBI in surviving and non-surviving patients, to stablish whether there is an association between serum TAC levels and lipid peroxidation during the first week of TBI, and to analyze whether serum TAC levels during the first week of TBI can be used to predict early mortality.
Methods

Design and Subjects
Six Spanish hospitals participated in this prospective and observational study. The Institutional Board of each hospital approved the study: H. Universitario Dr. Negrín (Las Palmas de Gran Canaria), H. General de La Palma, H. Insular (Las Palmas de Gran Canaria), H. Universitario de Canarias (La Laguna, Tenerife), H. Universitario Nuestra Señora de Candelaria (Santa Cruz de Tenerife), and H. Clínico Universitario de Valencia. The written and signed consent for the participation in the study was obtained by a relative of each patient.
Patients with an isolated and severe TBI were included. Isolated TBI was considered when the patient had <10 points in the non-cranial aspects of the Injury Severity Score (ISS) [12] . Severe TBI was considered when the patient scored <9 points on the Glasgow Coma Scale (GCS) [13] . Patients with comfort measures only, inflammatory disease, age under 18 years, and malignant disease were excluded.
Sex, age, GCS, ISS, Acute Physiology and Chronic Health Evaluation II (APACHE II) score [14] , activated partial thromboplastin time (aPTT), fibrinogen, international normalized ratio (INR), glycemia, bilirubin, lactic acid, creatinine, sodium, fraction inspired of oxygen (FIO 2 ), pressure of arterial oxygen (PaO 2 ), platelets, leukocytes, hemoglobin, brain lesions using Marshall computer tomography classification (CT) [15] , cerebral perfusion pressure (CPP), and intracranial pressure (ICP) were recorded. The end-point study was 30-day mortality.
Serum Samples Collection
Serum samples were collected on days 1, 4, and 8 of TBI and the samples were frozen at −80 • C until the serum concentration determinations.
Determinations of Serum TAC Levels
Earlier, serum TAC concentrations were determined in one hundred patients on day 1 of TBI [9] . The inclusion of patients continued, and 124 patients (the first 100 patients and other 24 patients) had serum malondialdehyde concentrations determined (to assess lipid peroxidation) at days 1, 4, and 8 of TBI [16] . For these 124 patients with TBI, serum TAC concentrations on days 1, 4, and 8 were determined to establish their prognostic ability for early mortality and their association with serum malondialdehyde levels. The antioxidant assay kit (Cayman Chemical Corporation, Ann Arbor, MI, USA) was used for the determination of TAC in the Laboratory Department of the Hospital Universitario de Canarias from La Laguna, (Tenerife, Spain). The detection limit of this kit was of 0.04 mmol/L, and the intra and inter-assay coefficients of variation (CV) were of 3.4% and 3.0%, respectively.
Determination of Serum Malondialdehyde Levels
For the determination of malondialdehyde levels at the University of La Laguna (Tenerife, Spain) the method of thiobarbituric acid reactive substances (TBARS) of Kikugawa et al. [17] was used. The assay detection limit of the assay was of 0.079 nmol/mL, and the inter-and intra-assay CV were 4.01% and 1.82%, respectively.
Statistical Methods
Medians (75th and 25th percentiles) and frequencies (percentages) were used to report continuous and categorical variables. The Wilcoxon-Mann-Whitney and the chi-square test were used to compare continuous and categorical variables between surviving and non-surviving patients at 30 days. Receiver operating characteristic (ROC) analyses were used to test the prediction ability of 30-day mortality by serum TAC levels at day 1, 4, and 8 of TBI. In addition, specificity, sensitivity, negative predicted values and likelihood ratios, positive predicted values, and likelihood ratios for the cut-offs of serum TAC levels were reported at days 1, 4, and 8 of TBI (all cut-offs selected according to the Youden J index). The programs LogXact 4.1 (Cytel Co., Cambridge, MA, USA), SPSS 17.0 (SPSS Inc., Chicago, IL, USA), and NCSS 2000 (Kaysville, UT, USA) were used for statistical analyses. A statistically significant difference was considered with a cut-off value of p < 0.05.
Results
Survivors (n = 90) in comparison to non-surviving patients (n = 34) had higher GCS, lower APACHE-II score, lower age and a lower proportion of women (Table 1 ). There were also differences between surviving and non-surviving patients in the brain computer tomography findings. In addition, survivors had lower serum TAC levels at days 1 (p < 0.001), 4 (p < 0.001), and 8 (p = 0.002) of TBI than non-surviving patients (Figure 1 ). The area under curve (95% Confidence Interval) for predicting mortality at 30-day by serum TAC concentrations at days 1, 4, and 8 of TBI were 0.79 (0.71-0.86; p < 0.001), 0.87 (0.79-0.93; p < 0.001), and 0.76 (0.67-0.84; p = 0.006) respectively. Table 2 shows specificity, sensitivity, negative predicted values and likelihood ratios, and positive predicted values and likelihood ratios for the cut-offs of serum TAC levels at days 1, 4, and 8 of TBI. There was a positive association between serum concentrations of TAC and malondialdehyde on days 1 (rho = 0.25; p = 0.01), 4 (rho = 0.43; p < 0.001), and 8 (rho = 0.25; p = 0.01) of TBI.
Discussion
Previously, a study found higher serum TAC levels 24 h and 48 h after TBI in patients with poor functional outcome after 6 months; however, no data on the oxidant state was reported [7] . In another study higher serum levels of TAC and total oxidant status were found on admission in non-surviving patients [8] . In a previous study conducted by our team, higher serum levels of TAC and malondialdehyde were found on admission in patients who did not survive [9] . Therefore, the novel aspects of our current study were that we reported data on serum levels of TAC and malondialdehyde also on days 4 and 8 after TBI. In addition, the novelties of our study were the presence of higher serum TAC levels during the first week of TBI in non-surviving than in surviving patients, the positive association between serum levels of TAC and malondialdehyde during the first week of TBI, and the ability of serum TAC levels to predict mortality at 30 days of TBI at any moment of the first week of TBI.
We have recollected several demographic and clinical variables that could be different between surviving and non-surviving patients. In addition to serum levels of TAC and malondialdehyde, other variables were statistically different between surviving and non-surviving patients at day 1 of TBI as GCS, sex, age, CT brain findings, and APACHE-II score.
We believe that those higher serum TAC concentrations during the first week of TBI in nonsurviving patients and the positive association with serum malondialdehyde concentrations may be motived by an attempt to reduce the high ROS production and lipid peroxidation in non-surviving patients. However, unfortunately those higher serum TAC concentrations in non-surviving patients are not enough to compensate the unfavorable clinical situation and the patient eventually dies.
Our study has the limitation that data on other compounds of oxidant and antioxidant states were not reported. However, we believe that the results of our study and the beneficial effects found with the antioxidant agents administration in TBI animal models (reducing oxidative status and neurological deficits) [18] [19] [20] [21] [22] [23] [24] [25] could motivate the research on TAC in TBI patients. We believe that validating the role of serum TAC concentrations at any time during the first week of TBI could be interesting in the prediction of mortality in TBI patients because it could help clinicians in prognosticating these patients. In addition, research into the administration of antioxidant agents in TBI patients to reduce oxidative status and neurological deficits may be of interest.
Conclusions
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